Twenty-four hour postischemic neuronal ne crosis was compared in male vs. female Mongolian ger bils subjected to a 3-h period of severe incomplete hemi
spheric ischemia produced by unilateral carotid occlu sion. The incidence of stroke-prone males was 42. 9% versus 26. 7% for the females. Among the stroke-prone animals, the males displayed significantly greater neuro nal necrosis at 24 h after ischemia compared to the fe males in the cerebral cortex and CAl region of the hip pocampus. In the CAl region of the stroke-prone males, only 2. 0% of the normal neuronal population remained by 24 h compared to 36. 8% in the stroke-prone females (p < 0. 02). In the cerebral cortex, the males had only 19.9% of normal versus 58. 2% in the females (p < 0.05). In a sec ond series of mechanistic experiments, no differences in cortical blood flow (CBF) were disclosed between prese lected male and female stroke-prone animals before, dur ing, or for 2 h after ischemia. As with the CBF, the extent of cortical extracellular hypocalcia during ischemia did not differ significantly. However, the degree of postisch emic recovery of cortical extracellular calcium was sig-Surprisingly little is known about the compara tive vulnerability of male and female animals to ischemic brain damage. The vast majority of isch emic studies employ male animals. Our laboratory has conducted extensive work in defining the post ischemic pathophysiology and neuronal necrosis in male gerbils subjected to a 3 h period of severe incomplete hemispheric ischemia produced by uni lateral carotid occlusion (UCO). We have docu mented an important role of oxygen free radical induced lipid peroxidation in postischemic neuronal nificantly better in the females from 30 min to 2 h after reperfusion. In the same experiments, hemispheric vita min E levels were measured at the 2 h time point as an index of postischemic brain lipid peroxidation. No differ ence in baseline vitamin E levels was observed between male and female sham-operated gerbils. In the males sub jected to 3 h of ischemia plus 2 h of reperfusion, the hemispheric vitamin E decreased by 43. 5% compared to the sham-operated males. In contrast, the females dis played only a 4.2% decline (p < 0. 05 versus males). Pre vious studies showing the protective efficacy of antioxi dants in this model have suggested an important role of oxygen radical-induced lipid peroxidation. Thus, it is pro posed that the lesser ischemic vulnerability of females may be based upon an antioxidant effect of endogenous estrogen. Indeed, estrogen was found to be a more potent inhibitor of iron-catalyzed lipid peroxidation in brain tis sue than vitamin E. Key Words: Ischemia-Gerbils Neuronal necrosis-Sex differences-Lipid peroxida tion-Estrogen. necrosis in that model and the protective effects of the novel 21-aminosteroid antioxidant, tirilazad me sylate (U74006F) (Hall et aI., 1988 (Hall et aI., ,1989 .
Recently, using the same ischemia model, we car ried out a comparison of the incidence of suscepti bility (i.e., stroke prone) of male versus female ger bils of the same age and weight to UCO-induced ischemia. Among the stroke-prone subpopulations, the degree of 24 h postischemic neuronal necrosis was compared together with a determination of cor tical blood flow (CBF) and cortical extracellular cal cium (Ca� +) before, during, and for 2 h after isch emia. Moreover, as an index of postischemic brain lipid peroxidation, 2 h postischemic brain levels of vitamin E were evaluated in the previously isch emic hemisphere of males vs. females. This report documents a striking sex difference in ischemic vul nerability among equally stroke-prone gerbils using the UCO model. This appears to be due to a lesser sensitivity of brain tissue from female gerbils to postischemic lipid peroxidation.
MATERIALS AND METHODS

Survival and histopathology studies
Male and female Mongolian gerbils (Meriones ungui culatus, Tumblebrook Farms, West Brookfield, MA, U.S.A.) were employed in this study. Both males and females ranged in weight from 55 to 70 g. The animals were lightly anesthetized with methoxyflurane and I cm midline throat incisions made. The right carotid artery was isolated and clamped with a microaneurysm clamp, and then the incision was closed with wound clips. The gerbils were then placed in individual cages for recovery and observed for signs of ischemia (i.e., stroke prone) including circling, torso curvature, inability to walk, pto sis, barrel rolling, opisthotonos, loss of righting reflex, running fits, and seizures (Braughler and Lainer, 1986) . Gerbils that did not show at least two of these signs by I h after occlusion were eliminated from the study. After 3 h, the gerbils were reanesthetized with methoxyflurane and the aneurysm clamps removed and the neck incision was resutured.
At 24 h following UCO, the gerbils were anesthetized again with methoxyflurane and the brains were fixed via cardiac perfusion with a combination of 10% formalde hyde, 10% acetic acid, and 80% methanol (FAM) follow ing a saline flush. Immediately following perfusion, the brains were removed, placed in FAM overnight, and then embedded in paraffin. Five-fLm-thick cross sections were taken between 1.4 and 3.0 mm posterior to the bregma, stained with cresyl violet, and examined by light micros copy at x320 magnification. Slide labels were covered with tape to enable blind evaluation. All normal appearing pyramidal cells in a 315 fLm length of the CA I region of the dorsal hippocampus were counted in the two adjacent sections and averaged. The ischemic hemisphere was compared to the contralateral nonischemic one. In addition to the CAl region, cell counts were made in a 222 fLm 2 area of the lateral cortex. Differences in mean cell densities between male and female gerbils were analyzed using Student's t test (two tailed), with p < 0.05 being required for significance.
Physiological studies
Stroke-prone gerbils were preselected at least 2 days before the experiment for study based on signs of neuro logical abnormality after brief (less than 30 min) UCO as described above. At the time of the experiment, the pre selected stroke-prone gerbils were anesthetized with 150 mg/kg i.p. of sodium phenobarbital, which provided a constant level of anesthesia for the duration of the exper iments. A I cm midline throat incision provided access to the right carotid artery, which was loosely encircled with silk thread. The head of the animal was secured in a ste reotaxic frame. A pair of I mm burr holes was drilled in the cranium 2-3 mm to the right of the sagittal suture to accommodate the calcium electrode assembly for mea surement of cortical extracellular calcium (Ca� +) and a platinum electrode for measurement of CBF via hydrogen clearance (see below). An Ag/AgCl reference electrode was inserted subcutaneously. Temperature was moni tored rectally and maintained between 37.0° and 38.0°C with a heating pad.
Cortical extracellular calcium was recorded via calcium ion-selective microelectrodes according to the methods of Young et al. (1982) and Stokes et al. (1983) with slight modifications. Calcium ion-selective electrodes were pre pared by pulling glass micropipettes (I mm o.d.) on a David Kopf (Tujunga, CA, U.S.A.) 700C vertical pipette puller; the tips were broken to a 3-5 fLm diameter by gently bumping them against a ground glass surface. The pipettes were then silanized by backfilling and subse quent ejection of liquid saline in acetone, yielding a li pophilic glass surface that binds with free hydroxyl groups, thus facilitating the uptake of the hydrophobic calcium ionophore resin and preventing its displacement by the aqueous electrolyte. Silanized pipettes were front filled the following day with electrolyte (100 mM CaCI2); an electrically neutral ionophore (Fluka Chemical Corp., Buchs, Germany) was drawn into the pipette tips via suc tion. The finished electrodes were stored in refrigerated 100 mM CaCl2 prior to calibration and use.
A calcium ion-selective electrode was coupled via cy anoacrylate to a reference electrode that was prepared by pulling a micropipette and beveling the tip as described above and filling it with 1.0 M KCl. This assembly was calibrated in ion standard solutions ranging from 10 -5 to 10 2 mM pCa 2 + (WPI, Inc., New Haven, CT, U.S.A.); electromotive force (EMF) was measured via a WPI Model FD 223 electrometer. Electrodes measured a linear increase in EMF of approximately 30 mV for every 10fold increase in calcium ion concentration. Calibration curves of EMFllog pCA 2 + were plotted for each electrode for conversion of EMF readings to calcium concentration. The hydrogen clearance method was used to assess CBF. Electrodes were constructed of 50 fLm triple Telfon coated platinum-iridium (90%/10%) wire (A-M Systems, Inc., Everett, WA, U.S.A.) encased in PE-IO tubing. The electrode was polarized to + 350 m V with respect to a silver/silver chloride reference. A tube, delivering 100% dry hydrogen gas at a pressure of 130 mm Hg, was placed within I cm of the gerbil's nose and held there for suffi cient time to obtain good H2 uptake «20 s) without changing arterial blood gases significantly. The CBF val ues were derived from the H2 clearance curves using the Fick principle equation:
where CBF is expressed in mlilOO g of tissue/min; t/2 is the time in minutes for the current to decay by one-half of the peak value; and 0.693 is the natural log function con stant. All measurements were confined to the initial rapid clearance phase (I min) of the curve, which was consis tently monoexponential. The calcium ion-sensitive electrode assembly and the platinum electrode were inserted through one of the burr holes into the cortex to a depth of 1.0 mm. The EMF was monitored using the above-mentioned FD 223 dual elec trometer. Cortical calcium and CBF were measured until they had stabilized for a minimum of 30 min. The right carotid artery was occluded by pulling the silk thread around the vessel taut and carefully securing it to the stereotaxic frame. Cortical calcium and CBF measure ments were taken 5 min later and again at I and 2 h post-UCO. At 3 h postocclusion, following calcium mea surement, the silk thread was severed to allow reperfu sion. Cortical calcium and CBF measurements were taken at 30 min and I and 2 h postreperfusion. After the last CBF measurement, the abdominal aorta, between the iliac and renal bifurcations, was cannulated with PE-50 tubing to measure the mean arterial pressure (MAP) and to obtain an arterial blood sample for analysis of blood gases. In order to verify the accuracy of the calcium val ues, the electrodes were recalibrated at the end of each experiment.
Measurement of brain vitamin E
Following the 2 h CBF and Ca� + measurement, the gerbils were decapitated and the brains quickly dissected and frozen in liquid nitrogen. The frozen brains were weighed and homogenized for 15-20 s in 10 volumes of 0.9% KCI (3-6 m\) with a Polytron homogenizer (Brink man Instruments, Westbury, NY, U.S.A.) at a speed set ting of 5.5. Duplicate aliquots of homogenate (500 f-ll) were then diluted into 15 ml conical polystyrene tubes with an additional I ml of 0.9% KCI and maintained at 4°C. Next, 1 ml of absolute ethanol was added and im mediately followed by the addition of 500 f-ll of 12.5% ascorbic acid, with vortexing in between additions. Tubes were capped and incubated at 24°C for 5 min. Following incubation, 1 ml of 10 N KOH was added and samples were recapped, vortexed, and reincubated at 24°C for 30 min with additional vortexing after 15 min. Next, 4 ml of hexane were added to each sample, and the tubes were capped and shaken vigorously for 2 min. Samples were then centrifuged for 10 min in an IEC (Needham Heights, MA, U.S.A.) refrigerated centrifuge at 1,500 rpm to fa cilitate organic and aqueous phase separation. After cen trifugation, four 1 ml aliquots of the organic phase were removed and taken to dryness under argon. The residue was dissolved in 1 ml of methanol and the vitamin E content was determined by high-performance liquid chro matography (HPLC) with electrochemical detection as described by Braughler and Pregenzer (1989) .
Measurement of lipid peroxidation in brain homogenates
Rat brain homogenates (1: 10 w/v) were prepared in Krebs buffer [15 mM N-2-hydroxyethylpiperazine-N' -2methane sulfonic acid (HEPES), pH 7.4, 10 mM glucose, 140 mM NaCI, 3.6 mM KCI, l.5 mM CaCI2, l.4 mM KH2P04, and 0.7 mM MgS041 and used immediately.
Incubations (100 f-ll) in Krebs buffer were at 37°C and contained 10 f-ll of homogenate, 20% ethanol, and the various concentrations of test compound. Reactions were initiated by the addition of 200 f-lM FeCl2 prepared as described elsewhere (Braughler and Pregenzer, 1989) . Af ter 20 min, the reaction was stopped by the addition of 500 f-ll of ice-cold trichloroacetic acid in 0.8 N HCI. Lipid peroxidation was assessed by the formation of thiobarbi turic acid-reactive products. Using this system, ICso's for the 21-aminosteroid, U74006F, d-u-tocopheral (Sigma Chemical Co., St. Louis, MO, U.S.A.), and 17-I3-estra diol (Sigma Chemical Co.) were determined.
RESULTS
Comparison of the incidence of neurological signs during occlusion
Following UCO, the severity of the neurological signs in the stroke-prone gerbils was the same in both sexes. However, as shown in Table I Although this difference was not statistically signif icant (p < 0. 17 by X 2 ), it is reminiscent of the ob servations of Berry et al. (1975) , who found only a 12% incidence of U CO-induced neurological se quelae in female gerbils versus 50% for males. These authors correlated this difference to the more common occurrence of anterior cerebral anasto motic links in females.
Comparison of 24 h postischemic survival in ischemia-prone animals
The 24 h survival rate of female gerbils who did show ischemic signs during UCO was 100% (8 of 8) compared to 60% (9 of 15) in males (Table 1 ; P < 0. 12 by X 2 ). All of these animals, whether female or male, would be expected to have similar cerebro vascular anatomy according to the studies of Berry et al. (1975) .
Comparison of postischemic neuronal necrosis
Figure 1 displays a representative example of the extent of neuronal necrosis at 24 h after removal of the UCO. The histopathology is particularly appar ent in the hippocampus and the lateral portion of the cerebral cortex. For this reason, the 24-h quantita tive histology in the surviving animals was focused on the CAl region of the hippocampus and on the lateral cerebral cortex. Figure 2 shows the significant difference in the extent of neuronal necrosis between the sexes. The mean percentage of normal-appearing hippocampal CAl cells in a 222 f-lm 2 area of the ischemic hemi spheres of male gerbil brains was 2.0 compared to 36.8 in females (p < 0.02). The ischemic hemi spheres of male gerbil brains also displayed more lateral cortical cell loss than observed in females, the mean percent of surviving neurons being 19.9 and 58.2, respectively (p < 0.05).
Comparison of ischemic and postischemic cortical blood flow and extracellular calcium Figure 3 shows the time course of changes in CBF and Ca� + during and for 2 h after a 3-h period of UCO. There was no significant difference in preischemic CBF values (lower panel) between the male and female gerbils. During the UCO, both sexes showed a drop in CBF to below 10 mi/lOO g/min. This level of CBF was maintained at least for 2 h of UCO. A 3-h CBF determination was not fea- Extensive loss of neurons is apparent in the hippocampus and lateral cerebral cortex on the ischemic side compared to the nonischemic contralateral hemisphere. sible due to the slowness of the H2 clearance method and its interference with the reperfusion time. Following reperfusion, the 30 min to 2 h CBF values did not differ significantly between males and females. In both groups, the postischemic CBFs persisted at a level of � 50% below the preis chemic baseline.
In the case of the Ca� + (Fig. 3, upper panel) , the preischemic values were essentially identical at ap proximately 1 mM. By 5 min after UCO, the levels fell sharply. The extracellular hypocalcia appeared to be more severe in the females than males, but not significantly. In the males, Ca� + continued to de cline over the ischemic time course. In female ger bils, it remained fairly stable although a slight non significant recovery occurred by 3 h (i.e., just be fore reperfusion). However, at no time during the 3-h ischemic episode was there a statistically signif icant difference between males and females. As of 30 min after reperfusion, a slight recovery in Ca� + was apparent in the males, followed by a secondary drop over the next 1.5 h. In the females, the recov ery in Ca� +, while incomplete, was significantly greater at all postreperfusion time points than in the males. In the males, the 2 h value was only 0. 19 ± 0.07 mM compared to 0.54 ± 0.22 mM in the fe males (p < 0.05). The MAP at 2 h after reperfusion was signifi cantly higher in the males [112. 1 ± 17.2 (mean ± SD) mm Hg] than in the females (89.5 ± 8.8 mm Hg). No differences were observed in pC02 (3 1.4 ± 7.9 mm Hg for males and 37.5 ± 13.3 mm Hg for females) or pH (7.3 1 ± 0.08 for males and 7.28 ± 0.20 for females).
Comparison of postischemic changes in brain vitamin E (lipid peroxidation)
In Fig. 4 , the levels of vitamin E in the ischemic hemisphere at 2 h after reperfusion are presented. There was no difference in the level of vitamin E in the right hemisphere of sham nonoccluded male and female gerbils. In the right hemisphere of males sUbjected to ischemia for 3 h followed by 2 h of reperfusion, there was a 43.5% decrease in hemi spheric vitamin E that was significantly different from the level in the right hemisphere of the com bined male and female sham nonoccluded animals (p < 0.03). The magnitude of the decrease in vita min E is similar to that reported in previous studies with the same model . In the right hemisphere of female animals subjected to the UCO plus 2 h of reperfusion, there was only a 4.2% de- crease in vitamin E compared to the combined sham groups. Comparing the hemispheric level of vitamin E between the ischemic males and females revealed a significant difference (p < 0.05).
Comparison of the antioxidant potency of vitamin E, U74006F, and 17-p-estradiol A comparison of vitamin E, the 21-aminosteroid, U7 4006F, and 17 -p-estradiol in terms of inhibition of iron-catalyzed lipid peroxidation in rat brain ho mogenates showed that U74006F was the most po tent antioxidant, with an ICso of 8 flM. However, 17-p-estradiol was more potent than vitamin E, with IC50's of 21 and 30 flM, respectively.
DISCUSSION
The results show that among gerbils displaying overt neurological signs of hemispheric ischemia during UCO, males demonstrated significantly greater postischemic neuronal loss in both CAl and cerebral cortex than females. The only other nota tion of a related sex difference that we are aware of comes from the work of colleagues (1978, 1979) , who have shown that female mice and rats show less mortality from an acute hypoxic chal lenge than males.
It has also been demonstrated by Payan and Co nard (1977) that ischemia-induced mortality and in cidence of brain lesions are greater in mature male versus female gerbils. However, that study utilized permanent rather than temporary UCO. Likewise, a study by Berry et ai. (1975) , in which more male gerbils developed neurological sequelae and cere bral infarctions than females, also used permanent occlusion. The issue in each of these earlier inves tigations concerned a greater incidence of ischemia prone male gerbils than female gerbils due to a greater number of anastomotic links between the two anterior cerebral arteries in females compared to males (Berry et aI., 1975) . We also find that more males show ischemic signs during UCO (42.9%) compared to females (26.7%). However, the main focus in the present study is a striking sex differ ence in the extent of postischemic (i.e., postreper fusion) neuronal necrosis in male versus female ger bils, which displayed equivalent ischemic neurolog ical signs during UCO.
Previous pharmacological studies in this labora tory have provided evidence for an important role of oxygen free radical-induced lipid peroxidation in postischemic neuronal damage in the presently em ployed ischemia model. For instance, U74006F, a potent inhibitor of lipid peroxidation, has been shown to attenuate both CAl and cortical cell loss following 3 h of U CO (Hall et aI., 1988) . More re cent results (Hall et aI., 1989) have shown that a significant vitamin E depletion occurs by 2 h fol lowing reperfusion in the previously ischemic hemi sphere. This is presumably related to postischemic lipid peroxidation with the reduced form of the en dogenous lipid-soluble antioxidant vitamin E being utilized to quench postischemic peroxidative reac tions. Consistent with its antioxidant action, U74006F treatment has been shown to reduce post ischemic depletion of vitamin E together with an attenuation of postischemic neuronal necrosis, in dicating perhaps that it can more effectively assume the antioxidant role (Hall et aI., 1989) . Indeed, as indicated in the Results section, U74006F is a more potent inhibitor of lipid peroxidation than vitamin E. For a further discussion of the role of free radi cals and lipid peroxidation in postischemic brain damage, the reader is referred to several reviews Siesjo et aI., 1989) .
Considering the probable importance of lipid per oxidation in postischemic neuronal damage in the gerbil UCO model, it is logical to hypothesize that some endogenous antioxidant factor or factors pe culiar to the females is responsible for the lesser postischemic neuronal damage than seen in the males. The baseline level of vitamin E is essentially identical in the two sexes. Nevertheless, one might suggest that in females, the utilization of endoge nous vitamin E to quench free radical reactions is more efficient (i.e., more complete) than in males. However, the data show that in female animals, only a small fraction of the vitamin E store is used up by 2 h of reperfusion (4.2%) compared to that seen in the males (43.5%). Thus, another explana tion must be operative.
One of the most fundamental differences between male and female animals is the presence of the hor mone 17 -�-estradiol in the latter. Interestingly, es tradiol has been demonstrated to have lipid antiox idant properties (Niki, 1987) . Moreover, Nakano et ai. (1987) have demonstrated that the two principal metabolites of estradiol are more potent inhibitors of lipid peroxidation than the parent steroid and even more potent than vitamin E. Our in vitro data indicates that 17 -�-estradiol is also more potent as an inhibitor of lipid peroxidation in brain tissue than vitamin E. Thus, it is conceivable that the increased postischemic survival and neuronal preservation observed in female gerbils subjected to the 3-h UCO plus reperfusion may be due to a protective antiox idant effect of endogenous estradiol and estradiol metabolites.
During cerebral ischemia, brain ATP stores are rapidly reduced, leading to a loss of normal ionic gradients due to the failure of energy-dependent membrane ionic pumps and exchange mechanisms. For example, extracellular calcium levels quickly fall as calcium moves into the intracellular space down its electrochemical gradient (Harris et aI., 198 1). Restoration of oxygen delivery to the tissue should lead to a renewed function of membrane bound calcium extrusion mechanisms (e.g., calcium ATPase, sodium-calcium exchanger). However, in the face of lipid peroxidative membrane damage, these mechanisms would be expected to fail. In deed, heart sarcolemmal calcium pump activity has been shown to be depressed by oxygen radicals (Kaneko et aI., 1989) . Furthermore, lipid peroxida tive damage can exacerbate membrane calcium per meability as shown for both neuronal (Braughler et aI., 1985) and myocardial (Okabe et aI., 1989 ) mem branes. Intracellular mitochondrial calcium seques tration would also be impaired by oxygen radical reactions (Malis and Bonventre, 1988; Vies sis and Mela-Riker, 1989 ). Secondary to lipid peroxidation, intracellular calcium levels would remain high, even following reperfusion, leading to calcium-mediated cell damage via a variety of mechanisms (Siesjo, 198 1) including enhanced lipid peroxidation (Braughler et aI., 1985) . The 21-aminosteroid, U74006F, in parallel with its ability to inhibit post ischemic lipid peroxidation (i.e., preservation of vi tamin E) in the gerbil 3 h uca model, has been shown to enhance the early postischemic recovery of Ca� + (Hall et aI., 1989) , which ultimately results in an improved neuronal survival (Hall et aI., 1988) . This mechanistic association supports the hypothe sis that the greater recovery of Ca� + in female ger bils is an effect of an endogenous antioxidant factor such as estrogen. Subsequent to the lesser lipid per oxidative membrane damage and better removal of intracellular calcium, the female animals display a greater neuronal preservation than their male coun terparts.
Several other possible physiological factors can, for the most part, be ruled out as explanations for the observed sex difference in vulnerability to isch emic brain damage. First of all, despite the differ ence in the incidence of ischemia-prone male and female gerbils due to vascular differences (vide su pra) among the ischemia-prone males and females that were the focus of this study, the baseline, isch emic, and postischemic CBF values were not sig nificantly different. In other words, among isch emia-prone males and females, CBF differences be fore, during, or after the 3-h uca ischemic insult are not significant. Second, temperature-related dif ferences seem unlikely since in the physiological and lipid peroxidation studies, in particular, the rec tal temperature was rigorously maintained at the same level in both sexes. As of 2 h after reperfu sion, the MAP was significantly higher in the males. However, this would seem to favor a better out come in the males as opposed to the females.
Further studies are obviously required to sort out the precise mechanisms of the observed difference in sensitivity to ischemic brain damage in males ver sus females. The present results are consistent with the possibility of a significant antioxidant protective effect of endogenous estrogen. Actual measurement of brain estrogen content in females would be help ful in future studies of this type as well as an exam ination of the possible anti-ischemic effects of phar macologically administered estrogen. Perhaps most important is the need for a determination of whether the presently described sex difference is generaliz able to other species and other ischemia models.
